A rapid and precise routine Pb isotope analytical technique for rock samples was developed using multiple collector inductively coupled plasma mass spectrometry (MC-ICP-MS . Pb isotope ratios of eleven Geological Survey of Japan rock reference samples were determined using this technique. In anion-exchange chemical separation, complete removal of Hg and Tl from the Pb fraction was confirmed. It was revealed that the Tl-normalization minimized the matrix effects caused by remaining impurities and medium, and the reproducibility of seven independent analyses of JB-2 was comparable to that of NIST SRM 981. Pb isotope ratios obtained for the rock reference samples showed a good agreement with those given previously.
be resolved by using stable or radioactive double-spike method (
204 Pb or 202 Pb; Woodhead et al., 1995; Todt et al., 1996) or by calculating "zero time intercept" of the time-dependent Pb isotope fractionation during the TIMS measurement (Tuttas and Habfast, 1982) , but both methods are not simple and therefore not suitable for a rapid routine Pb isotope analysis. In recent years, inductively coupled plasma mass spectrometry (ICP-MS) with multiple collectors (MC) has been introduced for the precise isotope analysis. The mass discrimination in MC-ICP-MS is essentially independent of time but depends on mass number, and the correction of the mass discrimination is possible for a given element using isotopes of other elements in the same mass range. This normalization has been applied to isotope analyses of many elements to detect mass-dependent isotope fractionation occurring in natural processes (Johnson et al., 2004) . Precise Pb isotope analyses have been also performed with MC-ICP-MS through a normalization with 205 Tl/ 203 Tl isotope ratios by several authors (Hirata, 1996; Belshaw et al., 1998; Rehkämper and Halliday,
INTRODUCTION
Thermal ionization mass spectrometry (TIMS) has been successfully employed for the acquisition of high precision isotope data for elements with relatively low first ionization potentials, such as Sr and Nd. TIMS is also applied to the analysis of Pb isotope ratios ( 206 Pb/ 204 Pb, 207 Pb/ 204 Pb, and 208 Pb/ 204 Pb), which are essential for various geochronological and geochemical studies. A development of sample loading technique using silicagel (Cameron et al., 1969) drastically improved the ionization efficiency of Pb in TIMS, which allowed the Pb isotope analysis with significantly smaller sample size compared to the electron impact ionization method with gaseous methyl Pb (e.g., Ostic et al., 1967) . Pb has only one non-radiogenic stable isotope 204 Pb, however, and the correction of the time-dependent mass fractionation for TIMS usually applied for Sr and Nd isotope analyses using a stable isotope ratio is unavailable. This problem can malization, showed that Tl-normalization is sometimes inaccurate due to inadequate correction of the mass discrimination (Thirlwall, 2002; Baker et al., 2004) .
In this report, we re-examine the precision and reproducibility of Pb isotope ratios using MC-ICP-MS with Tl-normalization for rock samples. The ability of MC-ICP-MS and analytical parameter dependence of the precision and reproducibility are discussed. We also report Pb isotope ratios of eleven rock reference samples from Geological Survey of Japan (GSJ), and compare their values to the previously reported results given by TIMS and MC-ICP-MS.
EXPERIMENTAL PROCEDURES

Mass spectrometry
The instrument used in this study is an MC-ICP-MS NEPTUNE (Thermo Electron, Germany) in Center for Advanced Marine Core Research, Kochi University, Japan. This Nier-Johnson-type double-focusing mass spectrometer achieves an effective mass dispersion of 17% and produces flat-topped, symmetrical peak shapes. This instrument equips eight movable Faraday collectors and one fixed central channel where an ion beam can be switched between a Faraday detector and a SEM detector. Further technical information is found in recent publications (Weyer and Schwieters, 2003; Tanimizu, in press 11 Ω resister. The relative differences in the resistors in the nine amplifiers were calibrated against the Center Faraday by passing a constant electric current. Typical operating conditions of the instrument are detailed in Table 1 . One measurement run consists of 3 blocks, each of which contains 40 cycles (4 sec integration per cycle). Before the measurement of each block, baseline data were collected for 60 sec at m/z = 204.5 (Center Faraday) with the ion beam being automatically defocused by the software. Each single run takes 15 minutes. Sample solutions were introduced with a 50 µL/min flow PFA nebulizer (Elemental Scientific, Inc., USA) in free aspiration mode attached to dual cyclonic/double Scott glass chamber. Desolvating nebulizers are useful to enhance sensitivity, but longer washout time is necessary due to the large memory effect. We did not use the introduction system to enhance sample throughput. On this condition, we routinely achieved signal intensities larger than 7 × 10 -10 A for 1 µg/mL of Pb or Tl.
The mass-dependent discrimination in MC-ICP-MS is now understood as an ion repulsion after the skimming process of ions (Gillson et al., 1988) , and a simple normalization law, "exponential law", is usually applied for the correction. In this study, the observed 206 (Dunstan et al., 1980) was used for the normalization.
A quadrupole ICP-MS ELAN-DRC II (Perkin Elmer, USA) was used for determining blanks, recovery yields, and elution curves of Pb and other elements in the course of optimization of the chemical procedure.
Isotope standard materials and reagents
A high-purity Pb metal, NIST SRM 981 (Catanzaro et al., 1968) was used as a Pb isotope standard. About 0.1 g of the Pb metal were weighed and dissolved in 1 M HNO 3 to prepare a 100 µg/mL stock solution that was subsequently adjusted to 200 ng/mL with 0.15 M HNO 3 for ordinary use. A Tl solution of NIST SRM 997 (Dunstan et al., 1980) was also prepared in a similar manner, and was added to the diluted Pb solution so as to contain 20 ng/mL Tl.
All solutions were prepared with 18 MΩ water produced by Milli-Q Element system (MILLIPORE, USA). The HNO 3 , HBr, and HF reagents used in this study were commercially supplied high-purity reagents (CicaUltrapur (KANTO KAGAKU, Japan), TAMAPURE AA-10 or AA-100 (Tama Chemical, Japan)) or distillates produced with two-bottle Teflon stills using the reagents of analytical-grade quality.
Rock reference samples
Eleven GSJ "Igneous rock series" rock reference samples were analyzed in this study. They include basalt (JB1a, JB-2, and JB-3), andesite (JA-1, JA-2, and JA-3), rhyolite (JR-1 and JR-2), and granite (JG-1a, JG-2, and JG-3). This series shows a wide range in major element composition (SiO 2 = 51 to 76 wt.%, MgO = 0.04 to 7.8 wt.%, and K 2 O = 0.4 to 4.7 wt.%; Imai et al., 1995) and Pb concentration (5.4 to 32 µg/g; Imai et al., 1995) .
Extraction of Pb from rock samples
The procedure of Pb separation from rock samples used in this study is similar to that used in a recent TIMS analysis (Kuritani and Nakamura, 2002) . The rock powder containing from 200 to 400 ng Pb was weighed in a 7 mL PFA Teflon vial, and decomposed with 0.7 mL 20 M HF and 0.7 mL 8 M HBr at 130°C. After the dryness at 140°C, the sample was dissolved with 1 mL 0.5 M HBr and centrifuged. The supernatant was loaded onto the 0.1 mL anion exchange resin (Bio-Rad AG 1-X8, 200-400 mesh, Br-form) packed in TFE Teflon column. The remaining precipitate was rinsed with 0.5 mL 0.5 M HBr and subsequently centrifuged, and the supernatant was then loaded onto the same column. The Pb fraction was collected with 1 mL H 2 O after the elution of other elements using 2.5 mL of a mixed acid composed of 0.25 M HBr and 0.5 M HNO 3 . The use of the mixed acid rather than HBr alone enables to efficiently separate Pb from Tl and other coexisting elements with similar affinities to the resin (Strelow, 1978) . The Pb fraction was evaporated to dryness at 120°C, and the dried sample was dissolved with 0.15 M HNO 3 . Appropriate volume of the NIST SRM 997 Tl solution (10 µg/mL) was added to obtain 200 ng/ mL Pb and 20 ng/mL Tl in the final sample solution. To minimize the Pb contamination from experimental environment, all chemical procedures were carried out in a class-1000 clean room and class-100 clean benches. Total procedural blank of Pb was from 22 to 40 pg, which was negligible in our routine analysis.
RESULTS AND DISCUSSION
Evaluation and minimization of memory effect and matrix effect
In ICP-MS, samples can be introduced into the instrument in the form of a solution, which contrasts with TIMS that uses a salt of the analyte evaporated onto the metal filament. This sample introduction system of ICP-MS leads to a rapid and easy sample handling, while skilled sample loading techniques onto the filament and the subsequent re-evacuation of the ion-source chamber are necessary in TIMS. However, we must pay attention to the memory effect of previous sample solutions caused by adsorption or sticking of elements onto the surfaces of the nebulizer, spray chamber, torch, and interface. Volatile elements like Pb tend to show relatively large memory effects, and the complete elimination of the previous sample signal is generally not easy. The memory effect of Pb in our introducing system was tested using the 200 ng/ mL Pb solution of NIST SRM 981. A pair of the solutions was prepared, one of which was the usual 0.15 M HNO 3 medium while the other contained only trace amount of HNO 3 (0.002 M). After introducing each Pb solution for the half an hour, the introducing system was washed with pure 0.5 M HNO 3 . The washout profiles of 208 Pb are shown in Fig. 1 . It is evident that the residual Pb signal derived from the 0.15 M HNO 3 solution is more quickly removable than that from the 0.002 M HNO 3 solution, which indicates a stronger adsorption of Pb from the quasi-H 2 O solution onto the surfaces of the sample introduction system. A similar experiment was carried out for Zn (Tanimizu, in press) , and its quicker washout profile than Pb reveals the significantly large adsorbability of Pb. As the remaining 208 Pb signal becomes almost constant at around 4 × 10 -15 A after 5 minute washout ( Fig.  1) , we adopted the washout time of 5 minutes with 0.5 M HNO 3 in our routine Pb isotope analysis. The level of the residual Pb memory is less than 0.01% of the signal intensity in our Pb isotope analysis with 200 ng/mL Pb ( 208 Pb 6 × 10 -11 A), and low enough to be negligible in our analysis (see later discussions). 15 minutes for data acquisition plus 5 minutes for washout yield total analytical time of 20 minutes, capable of measuring three samples per an hour.
Another factor that must be taken into consideration in MC-ICP-MS is matrix effect. The matrix effect in ICP-MS can be classified into spectral interferences and nonspectral interferences. The spectral interferences, in which overlapping mass peaks are added to the analyte signal, originate from the elements in gas, air, water, and medium. It is previously reported that the signal of Hg isotopes derived from plasma support gas may be observed (Rehkämper and Halliday, 1998 203 TlH using the pure NIST Pb and Tl solutions, respectively. The obtained PbH/Pb and TlH/Tl ratios were both less than 4 × 10 -6 (Fig. 2) , and the maximum influences on Pb isotopes are calculated to be 2 × 10 -5 in our Pb (200 ng/mL) with Tl (20 ng/mL) solutions, negligible in our Pb isotope analysis.
Nonspectral interference refers to matrix-induced change in signal intensity that is unrelated to the presence or absence of spectral components. The detail of this type of interferences is summarized in a literature (Evan and Giglio, 1993) . The matrix concerned here is predominantly HNO 3 . Therefore the matrix-induced change was examined with various HNO 3 concentrations. As shown in Fig. 3 , gradual signal changes were observed both for Pb and Tl against HNO 3 concentration. We adapted 0.15 M HNO 3 in our routine Pb isotope analysis to maximize the signal intensities of Pb and Tl. (Thirlwall, 2000 (Thirlwall, , 2002 Baker et al., 2004) . Note that the TIMS data seem to be deviated from the expected straight linear mass-dependent fractionation trends due to anomalous behavior of Pb as pointed out previously (Thirlwall, 2000) .
Accuracy and reproducibility in analyses of NIST SRM 981
The Pb isotope ratios of the 200 ng/mL NIST Pb solution with 20 ng/mL Tl were repeatedly measured in ten days over a period of three weeks. The results are shown in Fig. 4 . The MC-ICP-MS was optimized to maximize Pb signal intensity in each day one hour after the plasma ignition, and no replacement or cleaning of the sample introduction system was carried out during this three week session. (Table 2) .
There is a slight discrepancy that Pb isotope ratios obtained in this study are systematically lower than the recently accepted values with 207 Pb-204 Pb double-spike (Thirlwall, 2000 (Thirlwall, , 2002 Baker et al., 2004; see Table 2 ). The relative deviation makes a linear trend against mass number with an average slope of about 0.03%/amu (Figs. 5a and 5b) . On the other hand, our values are consistent with most of the previous MC-ICP-MS data with Tl-normalization (Hirata, 1996; Belshaw et al., 1998; Rehkämper and Halliday, 1998) within ±0.005%/amu (Fig. 5b) except White et al., (2000) . As pointed out previously (Rehkämper and Halliday, 1998) , the slight deviation of the MC-ICP-MS data from the accepted data may be due to a slight difference between f Pb and f Tl that are assumed to be identical in Eq. (3). Recently another kind of correction is proposed empirically , but in the present stage, mechanism of the mass discrimination in ICP-MS is not sufficiently understood, and its better understanding will lead a more adequate theoretical correction law in future studies.
Confirmation of matrix-and memory-independence of the Pb isotope data
The signal intensity of Pb in MC-ICP-MS changes with matrix composition, which we showed in the case of HNO 3 concentration (Fig. 3) , but the matrix also affects the observed Pb isotope ratios. As shown in Fig. 6 , the Pb isotope ratios obtained without Tl-normalization (open circles) vary with HNO 3 concentration up to 0.1%/ amu. However, the ratios after the Tl-normalization (closed circles) are independent of HNO 3 concentration, which reveals that the matrix effect is efficiently eliminated by the Tl-normalization. Figure 4 demonstrates the excellent performance of MC-ICP-MS in reproducibility for the repeated analyses of the same sample. However, in the routine analysis of natural samples, the Pb isotope ratios to be measured are different one by one, and inevitably the Pb isotope composition of the remaining Pb signal memory after 5 minute washout should vary significantly. If an analyzed sample has an extreme Pb isotopic composition, the memory may affect the measured value of the next sample like the case of zinc in double-spike analysis (Tanimizu et al., 2002) , although we had shown that the level of the Pb memory is less than 0.01% of the sample signal in usual analysis (Fig. 1) Zindler and Hart, 1986) . As the Pb isotope composition of NIST SRM 981, on the other hand, is similar to that of igneous rocks with the lowest Pb isotope ratios, alternate analyses of these two contrasting samples provide an extreme case study for evaluating the memory effect. In this experiment (Fig. 7) , the NIST SRM 981 data analyzed just after the HIMU-like bronze sample (closed circles) were all indistinguishable from the other data (open circles). Thus it is evident that the memory effect is negligible for the analysis of almost all terrestrial rock samples in our method with the washout time of 5 minutes.
Pb isotope compositions of GSJ rock reference samples
Prior to the Pb isotope analysis of GSJ rock reference samples, the Pb fraction chemically separated from JB-2 (Pb = 5.36 µg/g, Hg = 4.78 ng/g, Tl = 42 ng/g, and Zn = 108 µg/g; Imai et al., 1995) was examined by using the quadrupole ICP-MS to confirm the adequacy of the Pb separation. As reported previously (Strelow, 1978) , the use of the 0.25 M HBr-0.5 M HNO 3 mixed acid as an eluant was quite effective to remove Hg, Tl, and other elements with strong affinity to the anion-exchange resin in Br-form, for example, Zn. When 0.5 M HBr alone was used as an eluant instead of the mixed acid, the observed 202 The Pb isotope ratios of eleven GSJ rock reference samples determined in this study are summarized in Table 3. These data were obtained in the same period of the NIST 981 analysis. To evaluate the reproducibility in the measurement of rock samples, seven independent analyses were made for JB-2. The values obtained were 206 Pb/ 204 Pb = 18.3315 ± 0.0025, 207 Pb/ 204 Pb = 15.5460 ± 0.0021, and 208 Pb/ 204 Pb = 38.2240 ± 0.0055 (uncertainties in 2σ, n = 7). Although the observed relative uncertainties of ±0.014% are slightly larger than those for NIST SRM 981 (from ±0.0059 to ±0.0078%), this reproducibility is comparable to the latest double-spike data (Thirlwall, 2000 (Thirlwall, , 2002 Baker et al., 2004) . Furthermore, it is worth noting that in the Pb solution of JB-2 #5, Al and Mg were intently added to give the concentration levels similar to Pb. The 206 Pb/ 204 Pb ratio of the run #5 without Tl-normalization deviates from those of the previous data by 0.1%, and this matrix effect remains in the next run #6 (Fig. 8a) . However, after Tl-normalization, the Pb isotope ratios of the runs #5 and #6 are consistent with the results of the other runs (Fig. 8b) . This clearly demonstrates that the matrix effect caused by small amount of impurity elements due to incomplete column separation is efficiently eliminated by Tl-normalization as in the case of the matrix effect associated with medium (Fig. 6) .
The Pb isotope ratios of GSJ rock reference samples reported by several authors are summarized in Appendix, in which all the data including ours are normalized based on the deviation of the reported NIST SRM 981 values from the latest value with double-spike (Baker et al., 2004) . The JB-2 data are extracted and compared with previous results (Koide and Nakamura, 1990; Matsumoto et al., 1993; Ishikawa and Nakamura, 1994; Taylor and Nesbitt, 1998; Nohda, 1999; Ishizuka et al., 2003; Baker et al., 2004) in Fig. 9 Our Pb isotope data of the GSJ rocks are comprehensively plotted against the previous TIMS data ( Koide and Nakamura, 1990; Matsumoto et al., 1993; Nohda, 1999) in Fig. 10 . Most of the data in Fig. 10 (Imai et al., 1995) are described in parentheses after the sample names in µg/g. the Pb isotope ratios compared to JB-2 alone and a larger deviation of JA-3 are not clear, one possible explanation may be given by isotopic heterogeneities of acidic rock samples in mg sample size. Alternatively, this deviation may be due to the matrix effect caused by impurities such as Cd, Zn, and Tl on the filament as pointed out in a previous TIMS analysis (Kuritani and Nakamura, 2002) .
The effectiveness of Tl-normalization to actual rock samples and comparable precision to the double-spike analyses achieved here were proven by Fig. 9 in contrast to the previous opinions that Tl-normalization is not sufficient to correct the mass discrimination (Thirlwall, 2002; Baker et al., 2004) . Theoretically Pb double-spike technique is superior to Tl-normalization in excluding the difference in f values (Eq. (3)) as discussed above, though isotopically enriched spikes and separate calculation of Pb isotope ratios are necessary. In this respect, Tl-normalization does not need care of the Pb spikes and the related isotopically variable memory effect, and data reduction can be treated on time. These are advantages of Tl-normalization compared to the Pb double-spike method. The cause of apparent inaccuracy of the Tl-normalization method relative to the Pb double-spike method argued previously (Baker et al., 2004) is still unknown, and replicate analyses of a well-characterized standard rock sample in addition to NIST SRM 981 are recommended in current situation.
Comments on applications of MC-ICP-MS for precise and accurate isotope analysis
Isotope analysis using MC-ICP-MS always needs the greatest care to the memory and matrix effects and the polyatomic interferences. In addition, the elements which cause isobaric interferences to analyte must be strictly removed from the sample. Unlike TIMS, ICP ionizes almost all elements efficiently, and the isotope ratios of the ionized elements are significantly fractionated from the original values (e.g., IUPAC values; Rosman and Taylor, 1998 ) through the interface due to more than one order of magnitude larger mass discrimination effect compared to TIMS. This means that only small amount of impurity remained in samples may cause serious isobaric interference that is difficult to correct accurately. Furthermore, if the correction for the mass discrimination with another element in the same mass range is applied to MC-ICP-MS, it is essential that the standardization element is once completely removed from the sample before the addition of the isotope reference material. This is because the residual standardization element might show extremely fractionated isotope ratios due to mass-dependent fractionation during natural processes or chemical separation especially that with ion-exchange resin (Maréchal and Albarède, 2002) . Of course the analyte must be free from this mass-dependent fractionation during chemical purification, and complete recovery (>95%) of the analyte is required from the sample. Finally, a high-purity isotope reference material whose isotopic abundances are well known must be selected as the standardization material. The uncertainty of the isotopic abundances and the impurity of the material directly affect the accuracy of the corrected isotope ratios of the analyte. From these reasons, we paid a great deal of attention to achieve complete recovery of Pb and complete removal of Hg and Tl in the chemical procedure as well as to minimize the matrix effect and memory effects, and chose NIST SRM 997 for the standardization material in our Pb isotope analysis. As the conditions of background spectrum and polyatomic interferences are dependent of each instrument and analytical setting, their inspection in each analytical method is required. We stress that the satisfaction of the above factors is essential for the precise and accurate isotope analysis using MC-ICP-MS.
In this paper, we showed considerable influences of the matrix effects on the Pb isotope ratios obtained without Tl-normalization. This type of matrix effect directly affects the reproducibility in isotope analyses of several elements such as Li, Ca, and Fe, which do not have adequate standardization elements, as pointed out by several authors (Bryant et al., 2003; Fietzke et al., 2004; Malinovsky et al., 2003) . Sample-standard bracketing correction has been applied for these elements, but the analysis must be carried out under the strict matrix control. We must keep in mind the fact that the isotope analyses of these elements with MC-ICP-MS suffer from the same problem as in the TIMS analyses on this point. 
